Clostridium difficile infection (CDI) is a worldwide health threat that is typically triggered by the use of broadspectrum antibiotics, which disrupt the natural gut microbiota and allow this Gram-positive anaerobic pathogen to thrive. The increased incidence and severity of disease coupled with decreased response, high recurrence rates, and emergence of multiple antibiotic-resistant strains have created an urgent need for new therapies. We describe pharmacological targeting of the cysteine protease domain (CPD) within the C. difficile major virulence factor toxin B (TcdB). Through a targeted screen with an activity-based probe for this protease domain, we identified a number of potent CPD inhibitors, including one bioactive compound, ebselen, which is currently in human clinical trials for a clinically unrelated indication. This drug showed activity against both major virulence factors, TcdA and TcdB, in biochemical and cell-based studies. Treatment in a mouse model of CDI that closely resembles the human infection confirmed a therapeutic benefit in the form of reduced disease pathology in host tissues that correlated with inhibition of the release of the toxic glucosyltransferase domain (GTD). Our results show that this non-antibiotic drug can modulate the pathology of disease and therefore could potentially be developed as a therapeutic for the treatment of CDI.
INTRODUCTION
Clostridium difficile infection (CDI) is the leading cause of nosocomial diarrhea and the sole cause of pseudomembranous colitis (1) . With a yearly average of over a quarter of a million hospitalizations in the United States alone (2) , this infectious disease places an estimated burden of $4.8 billion on the U.S. health care system (3, 4) . Furthermore, the mortality rate in patients with CDI is high, with 6.9% at 30 days after diagnosis and 16.7% at 1 year after diagnosis (4) . Skyrocketing numbers of cases in the past decade (139,000 in 2002 versus 453,000 in 2011), rising recurrence rates, and increasing numbers of strains resistant to almost all available antibiotics are creating a major public health threat (5, 6) . Only a handful of options are available to treat CDI infection, with antibiotics being the mainstay of clinical practice. Recurrence rates for CDI are as high as 25%, with most patients returning to the clinic for antibiotic treatment as soon as diarrhea recurs (7, 8) . By disrupting the growth cycle of bacteria, antibiotics rapidly select for antibioticresistant subpopulations (9) . Hence, the rates of nosocomial infections caused by antibiotic-resistant opportunistic pathogens have more than doubled in the past decade (10, 11) . Although fecal bacteriotherapy has proven to be an extremely effective CDI treatment (12) , it remains controversial from the perspective of drug regulation because the longterm effects on human health remain unclear (13) .
A relatively unexplored strategy to combat bacterial pathogens is to block their ability to harm the host by directly inhibiting virulence factors (14) . Such strategies would limit antibiotic use and, in turn, decrease the rate of emergence of resistant strains. Furthermore, in contrast to antibiotic treatment, targeting virulence factors may help to promote regrowth of commensal gut bacteria, a key factor in the clearance of CDI (15) . The pathology of CDI is mediated by large clostridial toxins [toxins A (TcdA) and B (TcdB)]. Laboratory and epidemiological findings confirm that only toxigenic C. difficile causes disease (16, 17) and that most disease-causing strains, including the epidemic and hypervirulent BI/NAP1/027 (18) , carry the gene for TcdB (19) . Both toxins are composed of a putative receptor binding domain, a transmembrane domain, a cysteine protease domain (CPD), and a glucosyltransferase domain (GTD) (20) . When endocytosed by host cells and exposed to an acidic environment, the bacterial toxins undergo membrane translocation, exposing the CPD to the mammalian-specific cytosolic sugar 1D-myo-inositol hexakisphosphate (IP 6 ) (21) . The allosteric binding of IP 6 activates the CPD to autocatalytically cleave the GTD domain, which induces toxicity by irreversible glucosylation of the Rho/Rac family of small guanosine triphosphatases (GTPases) in host intestinal epithelial cells. This event results in rearrangement of the actin cytoskeleton, acute inflammation, massive fluid secretion, and finally necrosis of the mucosal layer of the colon (22, 23) . However, it should be noted that recent findings showed that at high concentrations, toxin can cause cell necrosis in vitro in a translocation-dependent manner independent of its GTD activity (24) or autoprocessing mechanismAlthough the pathology of CDI is mediated by the large clostridial toxins, none of the currently available treatments target toxin activation, an event that requires allosteric regulation of the CPD domain to release the cytotoxic effector domain that mediates cytopathology and cytotoxicity. The only experimental therapy that targets these toxins is a monoclonal antibody combination of actoxumab and bezlotoxumab, which bind to the receptor binding [also known as combined repetitive oligopeptides (CROPs)] domains of TcdA and TcdB, respectively (28, 29) . Only in combination are these systemically delivered antibodies capable of neutralizing in vivo effects of clostridial toxins and suppressing the symptoms of disease (30) . Here, we describe our efforts to identify small-molecule drug leads that target the activation of the toxins' CPD to further explore whether inhibition of proteolytic cleavage of the toxins could mitigate C. difficile pathology in vivo. Using a fluorescence polarization high-throughput screen, we identified a number of compounds that are potent inhibitors of CPD activity. One of the top hits was an existing investigational new drug in clinical trials called ebselen. We show that ebselen inhibits CPD activity in vitro and in vivo and has a beneficial effect on disease pathology in a mouse model of CDI.
RESULTS
Screening and in vitro validation identifies a potent inhibitor of TcdB CPD activation Although most clinically isolated strains of C. difficile produce both TcdA and TcdB, TcdB seems to be the critical virulence factor of C. difficile (31) (32) (33) , and its presence alone can cause CDI (19, 34, 35) . When we analyzed the superimposed CPD crystal structures, the RMSD (spatial deviation between the structures) between the toxins was determined to be only 0.5 Å (Fig. 1A ) (36) , suggesting that the CPD domains of TcdA and TcdB are essentially identical in terms of their structural alignment (37) . To identify small-molecule inhibitors of the CPD, we developed a fluorescence polarization high-throughput screen using the CPD from TcdB (Fig. 1C) . This screen makes use of the fluorescent small-molecule activity-based probe TAMRA-AWP-19 ( Fig. 1B) , which covalently binds to the active-site cysteine residue of the CPD and reports on enzyme activity (38) . With this probe, it is possible to screen for compounds that either inhibit or activate CPD protease activity in a high-throughput screen.
We initially screened a library of bioavailable drugs considered clinically safe but without a U.S. Food and Drug Administration (FDA)-approved use, as well as the National Institutes of Health Clinical Collection. We identified a number of activators and inhibitors from both sets of compounds (table S1) . This screen identified a total of 44 inhibitors, from which we selected a subset of preliminary hits that exhibited half maximal inhibitory concentrations (IC 50 ) lower than 7 mM. We used this set of compounds for further analysis in a cell rounding assay, where treatment of human foreskin fibroblast (HFF) cells with active full-length toxin induced cell rounding and eventual cell death (39) . A concentration of TcdB that was sufficient to induce 100% cell rounding in 60 min was initially selected (fig. S1 ). This concentration of toxin was pretreated with our panel of inhibitors and coadministered to cells, with cell rounding visualized by microscopy. The assay identified a pool of compounds that demonstrated cytoprotective effects against the fulllength toxin ( fig. S2 ). When selecting a compound to advance into animal studies, we focused on candidates that had already been in clinical trials and therefore have greater potential for rapid translation to a human proof-of-principle trial. Of particular interest was a highly potent inhibitor, ebselen (2-phenyl-1,2-benzoselenazol-3-one) ( Fig. 2A) . This compound is currently in phase 2 clinical trials for the treatment of chemotherapyinduced hearing loss and as an otoprotectant for prevention of temporary auditory threshold shift (http://clinicaltrials.gov). Furthermore, a phase 2 clinical trial in Japan demonstrated that ebselen improved the outcome of patients suffering from an acute ischemic stroke (40) .
Ebselen is a synthetic, low molecular weight organoselenium compound effective in reducing a variety of oxidative stress-mediated pathologies in animal models and reported as a modifier of several unrelated bacterial virulence factors in vitro (41, 42) . It is reported to have glutathione peroxidase-like activity and reacts rapidly with peroxynitrite (a highly potent species that damages vital biomolecules) (43) . The mechanism of action of ebselen involves changes of the oxidation state of the electrophilic selenium into selenol, which is then oxidized to selenic acid by reactive oxygen species (ROS), and finally reduced back to active selenol by glutathione through a selenylsulfide intermediate (44) . It has been proposed, both in cellular systems and in vivo, that ebselen acts as an electrophilic modifier of plasma and intracellular proteins through selenosulfide conjugation with cysteine residues (45) . Although the potential of ebselen to act as an enzyme inhibitor is somewhat unclear, seleniumcontaining compounds have been shown to act as inhibitors of cysteine proteases (46) . We chose ebselen as our lead compound because it has a clean safety profile in humans, and human pharmacokinetic data are available, thus giving it high potential for clinical translation.
We began by performing detailed dose-response profiling studies of ebselen against the CPD domain and full-length toxin using a competition labeling assay with TAMRA-AWP-19. Ebselen inhibited IP 6 -induced labeling of the CPD active-site cysteine (Fig. 2B ) at low nanomolar concentrations (Fig. 2C) . Deconvoluted mass spectrometry analysis confirmed the covalent modification of the CPD with one or two molecules of ebselen (Fig. 2D) , consistent with modification of the CPD domain active-site cysteine and, unexpectedly, at an additional cysteine localized at the opposing surface of the CPD structure (21) . Ebselen showed inhibition of IP 6 -induced autoprocessing of both full-length TcdA and TcdB with low nanomolar potency (Fig. 3, A and B) . These results also confirmed that ebselen completely inhibited the IP 6 -induced release of the GTD at concentrations as low as 20 nM for TcdB, as measured by loss of the GTD fragment observed by Coomassie staining (Fig. 3B , bottom panel), with an IC 50 for full-length TcdB inhibition of 17.2 nM (Fig. 3C) .
To determine the molecular order of events for covalent modification of the CPD by ebselen, we tested whether covalent modification occurred before or after IP 6 -induced allosteric activation. We treated full-length toxin with ebselen before or after the toxin was purified by size exclusion chromatography and before the addition of IP 6 (Fig. 3D ). After addition of IP 6 , the toxin was labeled with TAMRA-AWP-19 to assess inhibition. We observed inhibition of the labeling of the IP 6 -activated toxin by TAMRA-AWP-19 only when the toxin was treated with ebselen after purification and IP 6 activation. This confirmed that covalent modification of the active site can only occur after allosteric activation of the toxin by IP 6 has taken place ( Fig. 3E ). It also confirmed that ebselen binding requires orientation of the active site by IP 6 and is not nonspecifically binding to free cysteine residues.
To determine the activity of ebselen in vitro, we performed a cell rounding assay (see fig. S1 ) with increasing concentrations of ebselen and then coadministered the TcdB/ebselen solution to cells (Fig. 4A ). These data confirmed that the drug efficiently blocked cell rounding with an EC 50 of 20.5 nM (Fig. 4B) . Furthermore, when cells were preincubated with increasing concentrations of ebselen for 1 hour, washed, and subsequently challenged with toxin, we still observed a protective effect, with an EC 50 of 217 nM ( fig. S3 ). These data suggested that it is the intracellular pool of ebselen that provides protection against toxin-induced toxicity. To verify that the protective effect of ebselen on cells in the cell rounding assay was due to inhibition of release of the GTD domain, we performed Western blot analysis of the small Rho/Rac-GTPase substrates of the GTD. These data confirmed that the total population of Rac1 (measured by mAb23A8) remained stable across treatment groups, but the population of glucosylated Rac1 decreased with increasing amounts of ebselen (measured by detection of nonglucosylated Rac1 with mAb102) (Fig. 4C) . Thus, ebselen blocks autoprocessing of TcdB, thereby inhibiting GTD-mediated irreversible glucosylation of Rho/Rac-GTPases. To confirm the potential clinical relevance of ebselen as a treatment for CDI, we tested its effects on cell rounding induced by the large clostridial toxins present in a stool sample obtained from a patient with CDI ( fig. S4 ). In this clinical sample, where both TcdA and TcdB were present, ebselen efficiently inhibited toxin-induced cytopathology with an EC 50 of 372 nM, consistent with our findings that ebselen blocks the activity of the purified toxins. Finally, to confirm that the effects of ebselen were mediated by its action on the CPD, we tested whether it had any direct inhibitory effect on the glucosyltransferase activity of the GTD domain. Using a commercial glucosyltransferase assay and a recombinantly expressed construct of the TcdB containing only the GTD domain (amino acids 1 to 543), we confirmed that ebselen did not show any inhibition of this activity at concentrations about 1000-fold greater than the concentrations that protect against cell rounding in vitro ( fig. S5 ).
Recent reports have demonstrated that the noncleavable L543A mutant and the catalytically inactive mutants C698S, H653A, and D587N of TcdB produce delayed toxicity in in vitro cell rounding assays and in a direct toxigenic mouse model of infection (47, 48) . Therefore, we examined the effects of ebselen over an extended time course on full-length TcdB wild-type and the L543A noncleavable mutant in the cell rounding assay. As reported in previously published studies, we observed a reduced and substantially delayed toxicity for the L543A mutant (Fig. 4D ). This delayed toxicity was mimicked with nearly identical kinetics for the ebselen treatment of wild-type toxin, suggesting that ebselen's primary mode of action in the cell rounding assay is its ability to block cleavage and release of the GTD. Ebselen showed further protection against the delayed toxicity of the L543A mutant (Fig. 4D) . Analysis of the full-length mutant toxin after IP 6 addition over the same extended time points revealed that the toxin undergoes IP 6 -induced autoprocessing that can be blocked by the addition of ebselen ( fig. S6 ). These results suggest that the delayed toxicity observed in the cell rounding assay for the mutant toxin is likely the result of release of the GTD through alternate processing by the CPD.
Ebselen treatment blocks the toxic effects of TcdB in vivo
To determine whether inhibition of TcdB by ebselen results in a loss of function of the toxin in vivo, we used the murine systemic intoxication model (49) . A lethal dose of full-length TcdB (1.0 mg/kg) was pretreated with either DMSO or 100 nM ebselen for 1 hour, and then the mixture of toxin and drug was intraperitoneally injected into mice. Mice were monitored for 3 days for clinical signs of toxin action and eventual survival. Mice treated with ebselen had a 100% survival rate with no significant changes in vital signs (Fig. 4E) , whereas the control group showed significant signs of toxicity (ruffled fur, decreased activity, peritoneal swelling, and hunched position) by 12 hours after toxin injection. The untreated group had a 60% mortality rate within the first 24 hours and a 100% mortality rate by the end of day 2 (Fig. 4F) . Thus, inhibition of the CPD by ebselen efficiently blocked toxin function in vivo, resulting in complete protection from toxin lethality in this model.
Ebselen treatment reduces the pathology of C. difficile infection in mice
For a more clinically relevant test of the potential value of ebselen for the treatment of CDI, we performed a drug trial in a mouse model that closely mimics the human disease (50) . To generate this model, mice were first exposed to a mixture of antibiotics (kanamycin, gentamicin, colistin, metronidazole, and vancomycin) for 3 days to compromise the colonization resistance typically afforded by the natural gut microbiota. After 2 days, mice were treated with clindamycin and, 24 hours later, challenged with C. difficile strain 630, a virulent and multidrug resistant strain of epidemic type X expressing the virulence factors TcdA and TcdB but not "binary toxin" (51, 52) . In this well-established model, mice develop symptoms including diarrhea and pathology in the cecum and colon that is consistent with that observed in human CDI, with a peak bacterial load 2 to 3 days after infection and symptoms continuing for 5 to 7 days (53, 54) . Throughout the course of disease (days 1 to 5), mice were treated daily with vehicle or ebselen (100 mg/kg) via oral gavage. This treatment regimen was chosen to mimic a hypothetical clinical scenario where high-risk patients (for example, hospitalized patients undergoing antibiotic treatment or patients with a history of C. difficile infection) could be treated prophylactically or upon occurrence of the first symptoms of C. difficile (diarrhea). Throughout the trial, fecal pellets were collected and used to determine the bacterial burden and to measure levels of TcdB-induced cell rounding activity of residually shed toxin. Ebselen treatment did not significantly affect the number of C. difficile colony-forming unit (CFU) counts throughout the 5-day experiment (Fig. 5A) . This was expected because ebselen targets the toxic effects of TcdB and was not expected to grossly affect bacterial survival. However, we observed a reduction in cell rounding activity of shed toxin in terms of the quantity of feces required to induce 50% cell rounding [ Fig. 5B , **P = 0.0043; fig. S7 , P = 0.1170 (nonsignificant) for day 1, P = 0.1664 (nonsignificant) for day 2, P = 0.0110 (*) for day 3, and P = 0.0320 (*) for day 4], confirming that the activity of full-length toxin present in the fecal pellet was reduced. Western blot analysis of the colon tissues showed that ebselen treatment reduced the amount of the cleaved form of GTD when compared with vehicle-treated control group (Fig. 5F ), confirming that ebselen was orally bioavailable in the colon and able to engage the intended target in vivo.
To assess the overall effects of ebselen on toxin-induced tissue pathology, we analyzed sections from the cecum and proximal colon of ebselen-and vehicle-treated mice by histopathological analysis at day 5 after infection (Fig. 5C ). An independent pathologist, blinded to the tissue identities, scored the samples for inflammatory cell infiltration, submucosal edema, and mucosal hypertrophy, as well as for vascular congestion and epithelial disruption (54) . Whereas none of the samples demonstrated signs of vascular or epithelial damage, the clinical scores for cell infiltration, submucosal edema, and mucosal hypertrophy were significantly lower in the ebselen-treated group in comparison to the vehicletreated group (Fig. 5D : for mucosal hypertrophy, *P = 0.0392; for submucosal edema, *P = 0.0177; for inflammatory cell infiltration, *P = 0.0162). Overall, there was a statistically significant drop in clinical score (Fig. 5E , **P = 0.0055). These results demonstrate that inhibition of CPD activity by ebselen resulted in a significant reduction in disease pathology in vivo.
To further confirm the effects of ebselen on disease pathology, we performed a dose-response study using the same mouse infection model as described in the previous experiment (Fig. 6) . By using a drug titration, it was possible to correlate the effects of ebselen in reducing disease pathology with its ability to block release of the GTD in infected tissues. We treated three groups of mice (five mice per group) with increasing doses of ebselen (1, 10, and 100 mg/kg daily) and compared outcomes to vehicle-treated and uninfected animals. After a 5-day treatment, the animals were sacrificed and the tissues were analyzed histopathologically (Fig. 6A) . We also analyzed tissues for the presence of the cleaved GTD by Western blot (Fig. 6B) . We observed a dosedependent reduction of pathology in ebselen-treated animals, with 1 mg/kg showing no improvement in histopathological score, 10 mg/kg showing partial response, and 100 mg/kg showing virtually complete response (Fig. 6C) . Western blot analysis for the cleaved GTD domain in colonic tissues confirmed the dose-dependent relationship between ebselen's inhibition of toxin activity and disease outcome, with reduced levels of cleaved GTD correlating directly with reduced pathology in the tissues, indicating that ebselen likely functions in vivo by blocking GTD release via CPD inhibition (Fig. 6D) .
DISCUSSION
CDI refers to a wide spectrum of diarrheal illnesses caused by the large clostridial toxins produced by C. difficile. With a marked rise in the number of cases of infection from hypervirulent strains, current antibiotic options are likely to soon become limited. Moreover, current first-line therapy of metronidazole followed by vancomycin poses an increased risk for the selection of resistant strains and promotes persistent overgrowth of other opportunistic enteric bacterial infections (55) . Currently, any patient with a positive laboratory test for C. difficile, even when exhibiting mild symptoms, is treated with antibiotics when diagnosed (recommended clinical practice is a 10-to 14-day regimen of metronidazole) with more than 25% of infections recurring. Diarrhea is reported to recur at rates of up to 40% in patients with CDI and is usually the main reason that these patients return for antibiotic treatment (56) . A growing body of evidence suggests that oral metronidazole and vancomycin cause disruption of the intestinal microflora, including Bacteroides species, which in turn promotes the overgrowth of nosocomial gastrointestinal pathogens (55) . Thus, alternative clinical approaches that are less likely to disrupt the intestinal microbiota and that will help patients restore their natural gut commensals will be required. Fidaxomicin, a new class of macrocyclic antibiotic, is the only newly FDA-approved treatment for CDI in the past three decades and has a comparable efficacy profile to vancomycin in the treatment of the first onset of CDI with slightly lower rates of recurrence (57) . Although fecal bacteriotherapy has proven to be extremely efficient, it remains controversial from a regulatory standpoint. Despite the fact that more than half a dozen companies are in the process of determining the individual species necessary for the recovery of a healthy microbiome in C. difficile-affected patients, it will most likely take significant time and investment for these tailored probiotic therapies to reach the clinic, and additional therapies Results represent mean for each group of animals (uninfected; infected treated with ebselen at 100, 10, and 1 mg/kg; or infected treated with vehicle) ± SEM normalized to the signal for uninfected animals. All signals were normalized to b-tubulin. Statistical analysis was performed using Student's t test. ****P < 0.0001, **P < 0.01, *P < 0.05. that can reduce the pathology of disease while such treatments are being administered will remain valuable.
Targeting the major virulence determinants of CDI pathology is a viable alternate strategy for treatment. Currently, neutralizing antibodies targeting the CROP domains of the toxin are in clinical trials, as well as combination antibodies against TcdA and TcdB. However, these agents are expensive to produce, have challenging manufacturing processes that often require additional preclinical and/or clinical testing to control variability and ensure compliance with quality standards, and demonstrate limitations in terms of their uptake (they have to be administered intravenously). Production costs for small-molecule agents are far less expensive and most can be optimized or formulated to be orally bioavailable. Our strategy was to determine the therapeutic potential of inhibiting toxin CPD activation by small molecules. These efforts identified ebselen, a drug with a proven safety profile in humans. Ebselen showed efficacy against autoproteolytic cleavage of both TcdA and TcdB, inhibited toxin-mediated pathology in vitro, blocked lethal toxicity of TcdB in a systemic toxigenic mouse model, and was efficacious in a clinically relevant mouse model of CDI.
Recently, multiple publications using mutants of TcdA and TcdB, including the noncleavable TcdA mutant Ala 541 Gly 542 Ala 543 as well as TcdB mutants L543A, C698S, H653A, and D587N, have shown delayed in vitro toxicity, leading to the suggestion that CPD-mediated intracellular cleavage is not essential to induce intoxication of host tissues (22, 47, 48, 58) . Here, we show that ebselen protects cells against TcdB in a cell rounding assay to a similar level of delayed potency induced by the noncleavable but catalytically active TcdB mutant L543A. These results suggest that the protective effect of ebselen is mediated by its ability to block CPD-mediated processing of the GTD. Further, ebselen protected against TcdB mutant L543A-induced cell rounding, suggesting that it may be blocking CPD-mediated proteolytic cleavage of a nonpreferred alternate cleavage site of TcdB or that the CPD plays additional roles in the overall intoxication process beyond cleavage of the GTD. Thus, by simply blocking GTD release but not blocking the CPD activity, there is residual toxicity. Regardless of our current results using the mutant toxins, it should be noted that these studies make use of purified toxin applied to cells under controlled conditions in vitro. Furthermore, in vivo studies of the noncleavable mutant TcdB have only been performed using purified toxin in a toxigenic model that also fails to recapitulate a clinically relevant infection by the intact pathogen. Thus, all of the current results using mutant toxins must be considered with some degree of caution with respect to their relevance to human infection by C. difficile. Our results showing delayed toxicity of the purified toxin in vitro upon ebselen treatment yet complete protection that correlates with the extent of GTD release in the relevant infection model in vivo suggest that the "residual" in vitro toxicity of mutant toxins may have little relevance to the pathology observed in CDI. Further studies using a C. difficile strain that has been engineered to produce only the catalytically inactive CPD of both TcdA and TcdB will be required to ultimately confirm the relevance of the in vitro data using the mutant toxins.
Although our combined results strongly suggest that ebselen functions by blocking GTD release, recent findings demonstrating that toxin-induced cell death is dependent on ROS (23) raise the possibility that ebselen could also confer some level of protection via its antioxidant effect. We cannot completely rule out that the improvement in pathology could be partially contributed by ebselen-mediated neutralization of ROS formed by the inflammatory response during the course of C. difficile infection. Although this study could not uncouple any potential antioxidant functions of ebselen from its effects on the CPD domain, any added antioxidant effects of ebselen would serve to enhance the efficacy of the drug by using multiple mechanisms to generate therapeutic benefit.
Another limitation in this study and the mouse model used is its inability to allow assessment of recurrence rates. This mouse model of CDI was chosen because it most closely mimics the initial onset of human disease. However, because the model is not persistent and the mice eventually recover from infection, analysis of the effects of ebselen is limited to the initial infection. Additionally, this study did not assess the potential of ebselen to allow recovery of the microbiota that naturally prevents C. difficile from colonizing the gastrointestinal tract. This is an important area for future study because one of most significant benefits of using a non-antibiotic treatment would be its ability to allow return of the natural gut microbiome.
In addition, we chose to treat mice with ebselen 2 hours before infection to most optimally assess the effect of the drug on toxin-mediated pathology. This experimental design is clinically relevant because it models prophylactic treatment of patients who are at high risk for CDI infection, such as those taking antibiotics for an unrelated bacterial infection.
Despite the limitations in this study, as a monotherapeutic or as a complement to first-line antibiotics, ebselen may ameliorate not only the symptoms of initial onset of CDI but also potentially lower the recurrence rate and play a beneficial role in the restoration of the natural microbiota in patients. The remaining challenges for clinical translation of ebselen will be developing methods to optimize oral delivery of the drug to the site of action of the bacterial toxins, although this should be possible by using drug formulations that allow slow release of the compound in the colon where it can continuously act on the toxin as it is produced and secreted by the pathogen. However, on the basis of existing pharmacokinetics data for ebselen in humans, effectiveness may be achieved in its current oral formulation, thus greatly accelerating the time to initiation of a clinical trial. These studies warrant continued efforts toward the clinical translation of ebselen for the treatment of CDI.
MATERIALS AND METHODS

Study design
This study sought to identify potential new antivirulence therapeutic agents that target the CPD of TcdA and TcdB of C. difficile. The top lead compound ebselen was assessed as a potential therapeutic in vivo using a toxigenic model of infection and a mouse model of CDI. Efficacy in vivo was determined on the basis of morbidity, cell rounding of residually shed toxin in fecal material, release of the toxic GTD domain of TcdB, and histopathological score of cecum and colon tissue samples. Sample size of animals used for in vivo experiments was determined on the basis of the estimates of the means and indications of the likely responses. Animals were assigned to each experimental group with an equal probability of receiving vehicle or treatment. To avoid potential bias and subjective elements in assessing the results, histopathological scoring experiments were performed by a pathologist blinded to the identity of the samples.
Protein expression and purification
The TcdB CPD domain was expressed and purified according to Shen et al. (21) . The full-length TcdB expression vector was a gift from D. Borden Lacy (Vanderbilt University, Nashville, TN). The expression of this construct was performed according to Yang et al. (59) . GTD domain constructs were cloned into pET28a vectors (Supplementary Materials and Methods).
Cell rounding assay HFFs, cultured in Dulbecco's modified medium [supplemented with 10% (v/v) fetal calf serum, penicillin (100 mg/ml), and 100 mM streptomycin], were plated in 24-well dishes and grown to confluency. Cells were treated with TcdB (100 pM final concentration in 1 ml of medium) that was pretreated with DMSO or with increasing amounts of ebselen (diluted from 20× stock solutions) for 60 min in 15 ml of CPD buffer. Control cells were treated with the reaction vehicle (CPD buffer with 0.75 ml of DMSO) and treated with the same amount of toxin or buffer control. Rounded cells were counted using a Leica microscope eyepiece counting grid and expressed as percentage of total cells. Specific experimental protocols are detailed in Supplementary Materials and Methods.
Bacterial strains and culture conditions C. difficile strain 630 was used in all experiments and was cultured in Brain Heart Infusion medium (Becton Dickinson) supplemented with yeast extract (Remel) (5 mg/ml) anaerobically (6% H 2 , 20% CO 2 , 74% N 2 ). For quantification of C. difficile CFU counts in conventional mice, 1 ml of feces was serially diluted in PBS and plated onto C. difficile moxalactam norfloxacin plates composed of C. difficile agar base (Oxoid) with 7% (v/v) of defibrinated horse blood (Lampire Biological Laboratories), supplemented with moxalactam (32 mg/ml) (Santa Cruz Biotechnology) and norfloxacin (12 mg/ml) (Sigma-Aldrich). Plates were incubated overnight at 37°C in an anaerobic chamber (Coy).
Mouse toxigenic model
Mouse TcdB toxigenic experiments were performed according to Administrative Panel on Laboratory Animal Care (A-PLAC) protocols approved by Stanford Institutional Animal Care and Use Committee (IACUC). The toxigenic model was adapted from Lanis et al. (49) . Full-length toxin was sterilely filtered using Corning Costar Spin-X Centrifugal Filter Devices (with 0.22-mm pore diameter) to ensure that the injection is not painful to the animals and does not cause abscess. Two groups of mice (ebselen-and control-treated) were intraperitoneally injected with TcdB (1 mg of toxin/kg, in a volume of 100 ml) pretreated with 100 nM ebselen or DMSO for 1 hour. Mice were monitored for toxicity and scored using the following clinical score: 0, healthy animal; 1, ruffled fur and BAR (bright, alert, and reactive); 2, ruffled fur, hunched, and QAR (quiet, alert, and reactive); 3, ruffled fur, hunched, inactive, and dehydrated; 4, moribund (rapid breathing, hemiparesis, tachypneic state, grimacing, hypothermia, peritoneal swelling, hunched inactive, and dehydrated). Mice scored at 4 were sacrificed according to the A-PLAC protocol and considered as the "mortality" end point population in the study. Survival plots were created using GraphPad Prism 6.0 with death as the point when moribund animals were scored at clinical score 4 (time of sacrifice).
Mouse C. difficile infection model Conventional Swiss-Webster mice (RFSW, Taconic) were maintained in accordance with A-PLAC protocols approved by the Stanford IACUC. Before C. difficile challenge, antibiotics [kanamycin (0.4 mg/ml), gentamicin (0.035 mg/ml), colistin (850 U/ml), metronidazole (0.215 mg/ml), and vancomycin (0.045 mg/ml)] were administered in drinking water for 3 days, starting 6 days before inoculation as previously reported (50) . Mice were switched to regular water for 2 days and then administered with 1 mg of clindamycin via oral gavage 1 day before C. difficile (strain 630) inoculation (10 8 CFU from overnight cultures via oral gavage). Mouse feces used for CFU counts and cell rounding assays were collected daily before oral gavages with ebselen.
Ebselen treatment
Mice (eight ebselen-treated and seven vehicle-treated) with an average weight of 30 g were treated starting with the first dose 2 hours before C. difficile challenge, followed by daily gavages with ebselen at 2:00 p.m. for 4 days. The daily dose of ebselen was 100 mg/kg in a 200-ml final volume. The compound was dissolved in DMSO and then resuspended in a 1:4 (v/v) DMSO/oil microemulsion to a final concentration of 15 mg/ml. The control group was treated with vehicle only. Mice were sacrificed according to the guidelines on humane termination 5 days after infection. Colon tissues were collected for histological analysis.
Dose-response of ebselen in vivo
Twenty-five mice undergoing the same antibiotic regimen as described above were uninfected (n = 5, uninfected control) or infected with C. difficile (n = 20). Infected animals were divided into four different groups and treated with (i) ebselen at 100 mg/kg, (ii) ebselen at 10 mg/kg, (iii) ebselen at 1 mg/kg, and (iv) vehicle (6.7% DMSO, 1% Tween 80 in PBS) starting with the first dose 2 hours before C. difficile challenge, followed by daily gavages for 4 days. Mice were sacrificed according to the guidelines on humane termination 5 days after infection, and the colonic tissues were collected for histological analysis.
Histochemistry and histopathological scoring
Proximal colon and cecum sections were collected and fixed in 10% formalin for 24 hours and then stored in 70% ethanol. Cassettes were paraffin-embedded, sectioned, mounted on slides, and stained with the H&E stain (Histo-Tec Laboratory). Histological specimens were scored by veterinarian pathologists blinded to the identity of the histological sections [R. Luong, Stanford Veterinary Service Center, and D. Imai, University of California (UC), Davis]. The scoring system was adapted from Pawlowski et al. (54) with the scale being 0 to 3 (minimal score, 0; maximal score, 3) and included the following pathological features: inflammatory cell infiltration, mucosal hypertrophy, vascular congestion, epithelial disruption, and submucosal edema.
Statistical analyses
Histopathological, biochemical, and in vitro data were analyzed using GraphPad Prism 6.0 (GraphPad Software Inc.) and expressed as means ± SEM. Statistical analyses were performed using the Student's t test unless stated otherwise. P values less than or equal to 0.05 were considered significant.
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